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FOSSIL CALIBRATIONS

Nodes calibrated by Wolfe et al. (2016) are justified therein, and data for those nodes in Table 1 are
as in that work. The taxonomic sampling used in the present analyses allows numerous additional
nodes to be calibrated by fossils. As in Wolfe et al. (2016), nodes are defined as crown-groups.

Crown Onychophora
[calibration 27]

This clade comprises Peripatidae and Peripatopsidae, their last common ancestor and all of its
descendants. Monophyly is supported by analyses of multilocus sequence data (Giribet et al. 2018).

Fossil specimens

Cretoperipatus burmiticus Grimaldi at al., 2002: holotype, AMNH Bu 218, undetermined sex, anterior
part of body in amber, from Tanai Village (on Ledo Road, 105 km NW of Myitkyina), Kachin, Burma.
Additional figured specimens assigned to this species by Oliviera et al. (2016).

Phylogenetic justification

Originally assigned to Peripatidae based on its distribution of crural papillae (Grimaldi et al. 2002),
more reliable diagnostic characters of that family have been identified in details of the dermal papillae,
the diastema in the jaws, and the position of the genital pad, and phylogenetic comparisons have been
made with particular extant ingroup peripatid genera (Oliviera et al. 2016). As such C. burmiticus is an
unambiguous crown-group onychophoran.

Age justification

An early Cenomanian age for Burmese amber follows Wolfe et al. (2016, p. 57), drawing on recent U-
Pd dating of zircons from volcaniclastic matrix (Shi et al. 2012), applying a date of 98.17 Ma.

Crown Progoneata
[calibration 23]

This clade comprises Diplopoda (millipedes), Pauropoda and Symphyla, their last common ancestor,
and all of its descendants. Monophyly is supported by phylogenetic analysis of nuclear protein-coding
genes (Regier et al., 2010; Zwick et al., 2012), whole mitochondrial genomes (Brewer et al., 2013),
analyses of transcriptomes (Fernandez et al. 2018), and morphology (Edgecombe, 2004).

Fossil specimens

Casiogrammus ichthyeros Wilson, 2005: holotype NMS (National Museum of Scotland) 1970.2, from
the Fish Bed Formation, Glenbuck Group, Smithy Burn, Hagshaw Hills Inlier, Lanarkshire, Scotland, part
and counterpart preserved as an articulated series of 19 partly exfoliated trunk segments in siltstone.



Phylogenetic justification

Casiogrammus was originally classified together with a Carboniferous millipede, Zosterogrammus
stichostrethus Wilson, 2005, in an extinct order, Zosterogrammida, based sharing broad terga with
distinctive ornament. The better known Zosterogrammus provides most of the relevant data for
assigning Zosterogrammida to Chilognatha. Coding C. ichthyeros in a morphological dataset recovers
it as total-group Chilognatha (crown-group Diplopoda) and thus, for the taxonomic sampling herein,
crown-group Progoneata (Fernandez et al. 2018: fig. 2e).

Age justification

The Fish Bed Formation receives a Wenlock date based on its spores (Wellman and Richardson 1993).
A minimum date using the base of the Ludlow Series is applied, 427.4 Ma + 0.5 Myr (426.9 Ma).

Crown Acari
[calibration 5]

This clade is composed of Acariformes, Parasitiformes, their last common ancestor and all of its
descendants. Monophyly is supported by morphology (extant taxon analysis of Shultz 2007) and
analysis of transcriptomes (Lozano-Fernandez et al. 2019).

Fossil specimens

Protacarus crani Hirst, 1923; BMNH In. 24665, holotype, a nearly complete individual in chert.

Phylogenetic justification

The Early Devonian Acariformes of the Rhynie Chert have been of debated systematic position (Hirst
1923; Dubinin 1962), but all assignments to extant families (Alicorhagiidae, Alcynidae,
Nanorchestidae) place them within “Endeostigmata” sensu Pepato and Klimov (2015), and they are
thus crown-group Acariformes but are excluded from a more restricted Sarcoptiformes +
Trombidiformes clade that is retrieved in our taxonomic sampling of acariforms. They are accordingly
crown-group Acari.

Protacarus crani has been interpreted as a mix of species (Dubinin, 1962). Irrespective of this,
the holotype and similar specimens possess fan-like setae dorsally that support a relationship with
endeostigmatans (Bernini 1986; Dunlop and Selden 2009).

Additional (but younger) Devonian data for “Endeostigmata” are provided by the Givetian
alicorhagiid Archaeacarus dubinii Kethley et al., 1989, from Gilboa, New York.

Age justification

Dating of the Rhynie Chert is as summarised by Wolfe et al. (2016, p. 56), a minimum age of 405.0 Ma,
using the Pragian-Emsian boundary (407.6 Ma + 2.6 Myr) as a reference.

Crown Ixodida

This clade is composed of Nuttalliellidae, Argasidae, Ixodidae, their last common ancestor, and all of
its descendants. Monophyly is supported by morphology (Lehtinen 1991) and analyses of 18S rRNA
and mitochondrial genomes (Mans et al. 2012).

Fossil specimens




Amblyomma birmitum Chitimia-Dobler et al., 2017. See Metastriata below.

Phylogenetic justification

See Metastriata below.

Age justification

See Onychophora above.

Crown Ixodidae

This clade is composed of Prostriata, Metastriata, their last common ancestor and all of its
descendants. Monophyly is supported by analyses of 185 rRNA and mitogenomics (Mans et al. 2012).

Fossil specimens

Amblyomma birmitum Chitimia-Dobler et al., 2017. See Metastriata below.

Phylogenetic justification

See Metastriata below.

Age justification

See Onychophora above.

Crown Metastriata
[calibration 19]

This clade is composed of Amblyomma, Rhipicephalus, their last common ancestor and all of its
descendants. Monophyly is supported by analyses of 185 rRNA and mitogenomics (Mans et al. 2012).

Fossil specimens

Amblyomma birmitum Chitimia-Dobler et al., 2017; holotype F24671BN/CJW, J6rg Wunderlich
collection, to be deposited in the Senckenberg Museum Frankfurt/Main, an unengorged female in
amber, Hukawng Valley, Kachin, Burma.

Phylogenetic justification

Amblyomma biritum was assigned to an extant genus. Amblyomma is nested within Metastriata, one
of the two clades into which Ixodidae is divided (the other, Prostriata, consists of Ixodes alone)
(reviewed by Mans et al., 2012; Chitimia-Dobler et al., 2017, 2018). Accordingly A. birmitum is a
member of crown-group Ixodidae and thus of crown-group Ixodida.

Age justification

See Onychophora above.

Remarks

Three additional species of Ixodidae from Burmese amber, Cornupalpatum burmanicum Poinar and
Brown, 2003, Compluriscutata veletum Poinar and Buckley, 2008, and Haemaphysalis (Alloceraea)
cretacea Chitimia-Dobler et al., 2018, provide the same age data and similar phylogenetic data as



Amblyomma birmitum. They are likewise identified as members of Metastriata by Chitimia-Dobler et
al. (2017, 2018), H. cretacea (assigned to an extant genus and subgenus) being the most confidently
referred.

Crown Sarcoptiformes + Trombidiformes

This clade comprises all Acariformes to the exclusion of “Endeostigmata”. Monophyly is supported by
analyses of nuclear ribosomal genes (Pepato and Klimov 2015).

Fossil specimens

Protochthonius gilboa Norton et al., 1988. See Sarcoptiformes below.

Phylogenetic justification

See Sarcoptiformes below.

Age justification

See Sarcoptiformes below.

Remarks

The earliest crown-group members of Trombidiformes are the Late Triassic Triasacarus fedelei and
Ampezzoa triassica Lindquist and Grimaldi (in Schmidt et al., 2012), and two additional monotypic
genera from the same Dolomite amber described by Sidorchuk et al. (2014). These do not provide a
crown-group calibration for this study because none nests within the extant Trombidiformes sampled
herein.

Crown Sarcoptiformes
[calibration 6]

This clade is composed of Oribatida (paraphyletic), Astigmata, their last common ancestor and all of
its descendants. Monophyly is supported by analyses of nuclear ribosomal genes (Pepato and Klimov
2015) and a six-gene compilation (Klimov et al., 2018).

Fossil specimens

Protochthonius gilboa Norton et al., 1988; holotype AMNH 43117 (411-7-AR-38 of Norton et al. 1988),
a largely complete slide-mounted specimen.

Phylogenetic justification

P. gilboa is assigned to an extinct family, Protochthoniidae Norton et al., 1988, but belongs to the
Enarthronota within the Oribatida (Norton et al. 1988; Subias and Arillo 2002). This is based on
hypertrophied, erectile setae with e and f rows, and undivided femora that are apomorphic for
Enarthronota (Norton et al. 1988). It is accordingly crown group Sarcoptiformes and thus within the
crown group of the more inclusive clade that unites Sarcoptiformes and Trombidiformes.

Age justification

P. gilboa is from the upper part of the Panther Mountain Formation at Gilboa, Schoharie County, New
York State. It is dated to the Tioughniogan Regional Stage, Givetian in the global time scale.



Palynomorphs are consistent with a Givetian age (Richardson et al. 1993). Accordingly, a minimum
date for the end of the Givetian/base of the Frasnian is applied (382.7 Ma).

Remarks

The same calibration is provided by other crown-group Sarcoptiformes from the Gilboa locality, such
as Ctenacaronychus nortoni Subias and Arillo, 2002, assigned to the oribatid suborder Palaeosomata.

Crown Cyphophthalmi
[calibration 17]

This clade is composed of Scopulophthalmi, Sternophthalmi, “Boreophthalmi” (all sensu Giribet et al.
2012), their last common ancestor and all of its descendants. Monophyly is supported by morphology
and its combination with multi-locus sequence data (Giribet et al. 2010, 2012).

Fossil specimens

Palaeosiro burmanicum Poinar, 2008; holotype, complete specimen in amber, deposited in the Poinar
amber collection (accession #B-1-17), maintained at Oregon State University, Corvallis.

Phylogenetic justification

Palaeosiro was originally assigned to the family Sironidae (Poinar 2008) but was subsequently
transferred to the family Stylocellidae by Giribet et al. (2012) based on the shape and position of the
ozophores, the presence of eyes, the carina on the anal plate, and the geographic distribution in
Southeast Asia. Either assignment places it within crown-group Cyphophthalmi (phylogeny from
Giribet et al. 2010, 2012; Fernandez et al. 2017), the crown-group of Sternophthalmi + Boreophthalmii
(=all Cyphophthalmi to the exclusion of Pettalidae), and crown-group Boreophthalmi (=Sironidae +
Stylocellidae).

Age justification

P. burmanicum is from Burmese amber at a mine in the Hukawng Valley, southwest of Maingkhwan,
Kachin. Dating is as for Onychophora above.

Crown Phalangida

This clade is composed of Eupnoi, Laniatores and Dyspnoi, their last common ancestor and all of its
descendants. Monophyly is supported by morphology (Shultz 1998, Giribet et al. 2002), combined
molecules and morphology (Giribet et al. 2002; Garwood et al. 2011, 2014), and transcriptomes (Hedin
et al. 2012; Fernandez et al. 2017).

Fossil specimens

Macrogyrion cronus Garwood et al., 2011. See Palpatores below.

Phylogenetic justification

See Palpatores below.

Age justification

See Palpatores below.



Crown Palpatores
[calibration 8]

This clade is composed of Dyspnoi, Eupnoi, their last common ancestor, and all of its descendants.
Monophyly is supported by morphology (Shultz 1998), combined molecules and morphology
(Garwood et al. 2014; Sharma and Giribet 2014), and transcriptomes (Hedin et al. 2012; Sharma and
Giribet 2014; Fernandez et al. 2017).

Fossil specimens

Macrogyrion cronus Garwood et al., 2011; holotype MNHN-SOT 079398 (Collection Sotty 2, deposited
in the Muséum d’Histoire naturelle d’Autun), belonging to the Museum national d’Histoire naturelle,
Paris (MNHN 079398), a nearly complete specimen preserved as counterpart moulds in a siderite
nodule.

Phylogenetic justification

Phylogenetic analysis in its original description resolved Macrogyrion within total-group Eupnoi
(Garwood et al. 2011) based on parsimony analysis of morphological characters and Bayesian
inference based on combined morphological and molecular data, and this position is congruent with
subsequent analyses that included additional fossils and different taxon samples, although these more
explicitly resolved it as stem-group Eupnoi (Garwood et al. 2014; Sharma and Giribet 2014). It is
accordingly crown-group Phalangida and crown-group Palpatores.

Age justification

The Montceau-les-Mines Konservat-Lagerstatte in central France, from which M. cronus derives, is
dated to Stephanian B/C, correlative with the Kasimovian/Gzhelian boundary interval. Following
Wolfe et al. (2016, p. 60), we date based on the upper boundary of the Gzehelian for a minimum of
298.75 Ma.

Remarks

Ameticos scolos Garwood et al. 2011, also from the Montceau-les-Mines Lagerstatte, was resolved as
total-group Dyspnoi based on the same morphological and molecular datasets that resolved
Macrogyrion as total-group Eupnoi (Garwood et al. 2011). Subsequently it has been resolved within
as total-group Dyspnoi (Garwood et al. 2014; Sharma and Giribet 2014). It therefore provides the same
age constraints for Phalangida and Palpatores as does Macrogyrion cronus.

Crown Laniatores
[calibration 18]

This clade comprises Travunoidea and Grassatores, their last common ancestor, and all of its
descendants. Monophyly is indicated by morphology (Giribet et al. 2002), combination of morphology
and multi-locus sequence data (Giribet et al. 2010), and transcriptomes (Sharma and Giribet 2014;
Fernandez et al. 2017).

Fossil specimens

Petrobunoides sharmai Selden et al., 2016; holotype BU-002036, currently housed in the Key Lab of
Insect Evolution and Environmental Changes, College of Life Sciences, Capital Normal University,
Beijing, for eventual deposition in Three Gorges Entomological Museum, Chongging.



Phylogenetic justification

P. sharmai demonstrates apomorphic characters of Laniatores, such as the scutum magnum condition
(carapace and first five opisthosomal tergites fused into a single dorsal plate) and strongly raptorial
pedipalps (Selden et al. 2016). It is more precisely assigned to one of the two Laniatores infraorders,
Grassatores, based on the apomorphy of two tarsal claws on legs Ill and IV, and is accordingly a
member of crown-group Laniatores. Membership in the crown group of Grassatores (and thus
corroboration for the two more general nodes above) is indicated by its assighment to the extant
Grassatores family Epedanidae based on the relatively long chelicera with the proximal segment
unadorned on the dorsal surface, the elongate raptorial pedipalps, the elongate gracile legs with a
tarsal formula consistent with Epedanidae, and the wide ocularium and subquadrilateral body (Selden
et al. 2016).

Age justification

The holotype and sole known specimen is from Burmese amber. The type locality is a mine on Noije
Bum hill, near Tanai Village in the Hukawng Valley. The age of the Cretaceous Burmese amber is
discussed above under Ixodida.

Crown Opisthothelae

This clade is composed of Mygalomorphae, Araneomorphae, their most recent common ancestor and
all of its descendants. Monophyly is supported by morphology (Coddington 2005) and analyses of
transcriptomic datasets (Bond et al. 2014; Garrison et al. 2016; Fernandez et al. 2018).

Fossil specimens

Rosamygale grauvogeli Selden and Gall, 1992. See Avicularoidea below.

Phylogenetic justification

See Avicularoidea below.

Age justification

See Avicularoidea below.

Crown Mygalomorphae

This clade is composed of Atypodidea, Avicularoidea (both sensu Goloboff 1993), their last common
ancestor and all of its descendants. Monophyly is supported by morphology (Raven 1985; Coddington
2005), morphological data combined with nuclear genes (Bond et al. 2012), and transcriptomics (Bond
et al. 2014, Garrison et al. 2016; Fernandez et al. 2018).

Fossil specimens

Rosamygale grauvogeli Selden and Gall, 1992. See Avicularoidea below.

Phylogenetic justification

See Avicularoidea below.

Age justification

See Avicularoidea below.



Crown Avicularoidea
[calibration 10]

This clade is composed of “Dipluridoids”, Hexathelidae, Bipectina, their last common ancestor, and all
of its descendants. Monophyly is supported by morphology (Goloboff 1993) and transcriptomics (Bond
et al. 2014).

Fossil specimens

Rosamygale grauvogeli Selden and Gall, 1992; holotype AR-11, part and counterpart, Gravogel-Gall
collection, Institut de Geologie, Université Louis Pasteur, Strasbourg, from Gres a Voltzia, Vosges,
France.

Phylogenetic justification

Rosamygale is confidently attributed to Mygalomorphae based on the diagnostic presence of six
spinnerets that are posteriorly situated on the abdomen, the posterior lateral spinnerets (PLS) being
composed of three segments, and paraxial chelicerae (Selden and Gall 1992), drawing on diagnostic
characters of Raven (1985). It was tentatively assigned to the extant avicularoid family Hexathelidae
in its original description (Selden and Gall 1992), exhibiting characters of a broader Tuberculotae
(sensu Raven 1985), to which hexathelids were assigned. Monophyly of Hexathelidae was
subsequently rejected by Bond et al. (2012) based on molecular data, as anticipated by Goloboff
(1993), and “Tuberculotae” likewise discarded, its characters being symplesiomorphies for
Avicularoidea (Goloboff 1993). Additional support for hexathelid affinities was noted by Selden (2002),
spigots occurring along the length of the PLS. Magalhaes et al. (2019) suggest that an assignment of
Rosamygale to the stem (rather than crown) of Avicularoidea is justified, but accept an attribution to
crown-group Mygalomorphae.

Age justification

The specimens are derived from a clay facies in the Grés a Meule unit in the lowermost part of the
Gres-a-Voltzia Formation. Following Wolfe et al. (2016, p. 84), sequence stratigraphy dates this level
to the middle Anisian, applying a minimum age for the top of the Anisian of 240.5 Ma.

Crown Bipectina
[calibration 15]

This clade is composed of Diplurinae and Rastelloidina + Crassitarsae, their last common ancestor, and
all of its descendants. Monophyly is supported by morphology (Goloboff 1993), combination of
morphology and three nuclear genes (Bond et al. 2012), and transcriptomes (Bond et al. 2014).

Fossil specimens

Cretamygale chasei Selden, 2002; holotype IWCMS.1994.101, a largely complete female or juvenile in
amber from lignitic marls between the Chilton Chine Sandstone and Brighstone Sandstone in the
Wessex Formation, Isle of Wight, UK.

Phylogenetic justification

Tentatively assigned to the extant family Nemesiidae, C. chasei is compatible with the crown-group of
the clade Bipectina based on the following characters listed by Selden (2002): eyes grouped on a
tubercle anteromedially on the carapace; the saddled area of the carapace not being strongly raised;
a sloping thoracic part of the carapace; a deep, transverse fovea; a pair or large, erect setae on the
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anterior wall of the fovea; symmetrically arranged tarsal/metatarsal scapulae on leg 1; tarsus of leg 1
cracked ventrally; no claw tufts on leg 1. Magalhaes et al. (2019) recommend an assignment no more
precise than to Avicularoidea.

Age justification

The amber-bearing marls in the Wessex Formation are dated as early Barremian (Hughes and
McDougall 1990). The top of the Barremian is dated at 125.0 Ma, providing a minimum age.

Crown Araneomorphae

This clade is composed of Hypochilidae, Filisatidae, Synspermiata, Entelegyne, their last common
ancestor and all of its descendants. Morphology is supported by morphology (Coddington 2005) and
analyses of transcriptomes (Bond et al. 2014; Fernandez et al. 2014, 2018; Garrison et al. 2016).

Fossil specimens

Eoplectreurys gertschi Selden and Huang, 2010. See Synspermiata below.

Phylogenetic justification

See Synspermiata below.

Age justification

See Synspermiata below.

Remarks

Two total-group araneomorph taxa are known from the Upper Triassic (Norian), Triassaraneus
andersonorum Selden in Selden et al., 1999, from the Molteno Formation in South Africa, and
Argyrarachne solitus Selden in Selden et al., 1999, from the Cow Branch Formation in Virginia, USA.
Although both have been identified as possible Araneoidea (Selden et al., 1999), they have most
recently been depicted as stem-group Araneomorphae (Selden et al. 2009; Selden and Penney 2010,
fig. 2), rather than nested in the araneomorph crown group. Accordingly we have not used them to
constrain any crown group nodes within Araneomorpha (e.g. Entelegynae).

Other Araneomorphae from the Daohugou Beds provide the same age data as does
Eoplectreurys gertschi. E. gertschi is selected for calibration because it permits the most precise
systematic assignment.

Crown Synspermiata
[calibration 12]

This clade, named by Michaelik and Ramirez (2014), is composed of Dysderoidea, Scytodoidea, the
Lost Tracheae Clade, their last common ancestor, and all of its descendants. Monophyly is supported
the fusion of several spermatids into one synsperm, by multi-locus sequence data (Wheeler et al.
2017) and analyses of transcriptomes (Fernandez et al. 2018).

Fossil specimens

Eoplectreurys gertschi Selden and Huang, 2010; holotype NIGP 151720a, b, adult male, part and
counterpart in finely laminated pale grey tuff, Jiulongshan Formation, Daohugou Village, Wuhua
Township, Ningcheng County, Inner Mongolia, northeastern China.



Phylogenetic justification

Described as the oldest haplogyne spider, E. gertschi was assigned to the extant family Plectreuridae
because it is a short-legged, ecribellate “haplogyne” with fused chelicerae that exhibits close
similarities to modern plectreurid genera. Additional characters that were noted to be comparable to
Plectreuridae are: tubercles with setae on chelicera, denticles on cheliceral margin, male with strong
leg 1 femur and tibia, tibia 1 with large macrosetae (spines) on basal tubercles in distal retrolateral
position (clasping spur), macrosetae around distal joint of metatarsus, three-clawed tarsus, and simple
palpal bulb with very long embolus sharply set off from bulb (Selden and Huang 2010). Affinities to
Plectreuridae render it crown-group Synspermiata, and accordingly crown-group Araneomorphae.
Affinities to Plectreuridae nest it within the extant taxa of Synspermiata sampled here (Plectreuridae
is more closely related to Pholcidae than to Dysderidae; morphology-based phylogeny from
Coddington 2005; multi-locus molecular tree of Wheeler et al. 2017, fig. 3). The compendium of fossil
calibrations for spiders by Magalhaes et al (2019), published after these analyses were completed,
treats E. gertschi as a stem- rather than crown-group member of Synspermiata.

Age justification

The age of the Daohugou beds was reviewed by Wolfe et al. (2016: 89), the youngest available
radiometric date being Late Jurassic (Oxfordian). Following that work, we apply a minimum age of
158.1 Ma.

Crown Entelegynae
[calibration 13]

This clade is composed of Eresoidea, Palpanimoidea and a Canoe Tapetum Clade (Coddington 2005),
their last common ancestor and all of its descendants. Monophyly is corroborated by morphology
(Griswold et al., 2005) and analyses of transcriptomes (Garrison et al. 2016).

Fossil specimens

Mongolarachne jurassica (Selden et al., 2011); holotype female, CNU-ARA-NN2010008, College of Life
Sciences, Capital Normal University, Beijing. Male described by Selden et al. (2013).

Phylogenetic justification

Originally described as a species of the extant genus Nephila based on the female, the associated male
shows distinctive palps that prompted assignment to a new genus and monotypic family,
Mongolarachnidae (Selden et al. 2013). It is demonstrably cribellate, though as a plesiomorphic
character for Arananeomorphae, this does not provide a positive basis for taxonomic assignment.
Although it shows a substantial overall similarity to Orbiculariae, constraining key characters against
a backbone tree for relationships of extant araneomorphs is inconsistent with a position within the
crown of Orbiculariae or its consistent taxa (Deinopoidea and Araneoidea) (Selden et al. 2013, fig. 5).
It may be a stem-group orbicularian but until it is more firmly placed phylogenetically, it is used only
to constrain the age of Entelegynae.

Magalhaes et al (2019), published after these analyses were completed, do not regard M.
jurassica to have sufficiently diagnostic apomorphies to serve for calibration (its putative epigynum
does not demonstrably have copulatory openings distinct from the epigastric furrow), and constrain
Entelegynae only to the Early Cretaceous, indicating Eocoddingtonia eskoi Selden as a stem-group
constraint for the clade.
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Age justification

See Araneomorphae above.

Remarks

Juraraneus rasnitsyni Eskov, 1984, is another cribellate araneomorph from the Jurassic that has been
associated with Orbiculariae, and originally interpreted as an araneoid. Restudy of the holotype and
only known specimen (Selden 2012) reinforced comparison to araneoids, but a preliminary
phylogenetic analysis (Selden et al. 2013) is consistent with affinities to Entelegynae without
establishing a more precise assignment. Its age is Oxfordian (Late Jurassic), thus not demonstrably
older than Mongolarachne from the Daohugou Beds.

Crown Araneoidea
[calibration 14]

This clade unites entelygyne spiders that use adhesive threads in the webs. Monophyly is supported
by analyses of transcriptomes (Garrison et al. 2016; Fernandez et al. 2018).

Fossil specimens

Unnamed Linyphiinae from Lebanese amber (Penney and Selden 2002). Specimen No. 491,
Laboratoire d’Entomologie, Muséum National d’Histoire Naturelle, Paris, female in amber, from
Kdeirji/Hammana outcrop, Lebanon.

Phylogenetic justification

Systematic attribution follows the assignment of the species to Linyphiinae (Penney and Selden 2002).
Maghalaes et al. (2019) only tentatively consider this fossil to be a stem-group araneoid, and nominate
the slightly younger Mesozygiella dunlopi Penny and Ortunio (2006) from the Alava amber (Aptian-
Middle Albian) as the oldest unambiguous araneoid.

Age justification

Dating of Lebanese amber follows Wolfe et al (2016, p. 63), using a minimum date of 129.41 Ma.

Crown lurida

This clade comprises luroidea, Bothriuroidea, Scorpionoidea, “Chactoidea” (all sensu Sharma et al.
2015), their last common ancestor, and all of its descendants. Monophyly is supported by analyses of
transcriptomes (Sharma et al. 2015, 2018).

Fossil specimens

Protoischnurus axelrodurum Carvalho and Lourengo, 2001. See Bothriuoidea + Scorpionoidea +
“Chactoidea” below.

Phylogenetic justification

See Bothriuoidea + Scorpionoidea + “Chactoidea” below.

Age justification

See Bothriuoidea + Scorpionoidea + “Chactoidea” below.
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Remarks

Araripescorpius ligabuei Campos, 1986, was revised as a member of Chactidae by Menon (2007),
providing the same temporal constraint for lurida and its subclade Bothriuroidea + Scorpionoidea +
“Chactoidea” as does the better known Protoischurus axelrodurum.

Crown Bothriuroidea + Scorpionoidea + “Chachtoidea”
[calibration 16]

Monophyly of this clade (superfamilies sensu Sharma et al. 2015) is supported by analyses based on
transcriptomes (Sharma et al. 2015, 2018).

Fossil specimens

Protoischnurus axelrodurum Carvalho and Lourenco, 2001. MN-7601-I, holotype, part and
counterpart, a male, from the Santana Group, Crato Formation, Ceard, Crato area, Brazil. This
specimen was destroyed in the fire at the Museu Nacional, Rio de Janeiro, but a colour photograph of
it has recently been published (Howard et al. 2019, fig. 5d). We also refer to the specimen SMNS
65534, which preserves phylogenetically relevant details of the pedipalps (Fig. 3c in Menon 2007).

Phylogenetic justification

Menon (2007) placed P. axelrodurum in Hemiscorpiidae based on, among other characters, an inverse
Y-shaped sulcus on the prosoma, the placement of Est trichobothria on the pedipalp chela, and the
placement of carinae V2 and V3 on the pedipalp chela, all of which are diagnostic of the

hemiscorpidid subfamily Hormurinae (Soleglad et al. 2005). Hemiscorpiidae is classified within
Scorpionoidea, and accordingly is a crown-group member of the more inclusive clades lurida and the
subgroup therein that unites Bothriuroidea, Scorpionoidea and “Chactoidea” ((Sharma et al. 2015).

Age justification

The Crato Formation is dated to the Aptian based on palynomorphs, and we follow Wolfe et al. (2016,
p. 58) in dating the top of the Aptian to a minimum of 112.6 Ma.

Crown Buthida
[calibration 20]

This clade comprises Buthidae, Chaerilidae, Pseudochactidae, their last common ancestor, and all its
descendants. Monophyly is supported by analyses of transcriptomes (Sharma et al. 2015, 2018).

Fossil specimens

Uintascorpio halandrasorum Perry, 1995; holotype, Denver Museum of Nature and Science (DMNH
6004), a complete specimen in shale. Redescribed and reillustrated by Santiago-Blay et al. (2004).

Phylogenetic justification

Originally assigned tentatively to Vaejovidae (Perry 1995), revision of U. halandrasorum by Santiago-
Blay et al. (2004) defended its membership in the family Buthidae. Apomorphic characters of buthids
observed in the fossil include elongated leg coxae IV, absence of lateral carinae on metasomal
segment, and presence of pedipalp patellar DMc carina (Santiago-Blay et al. 2004). Accordingly U.
halandrasorum constrains crown-group Buthida and Buthidae + Pseudochactidae.
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Age justification

U. halandrasorum derives from the Parachute Creek Member of the Green River Formation, Rio Blanco
County, Colorado. Although the formation itself spans a considerable extent of the lower and middle
Eocene, a radiometric date for the Parachute Creek Member is 48.66+/- 0.12 Ma (Smith et al. 2003).
Accordingly, we apply a date of 48.54 Ma.

Remarks

A few Mesozoic orthosterns that have been attributed to Buthida, notably the Triassic Protobuthus
elegans Lourengo and Gall, 2004 (Bundsandstein, France) and the Cretaceous Archeobuthus estephani
Lourengo, 2001 (Lebanese amber) and Palaeoburmesebuthus grimaldii Lourenco, 2002 (Burmese
amber). All of these were dismissed as crown-group Buthidae/Buthida and indeed even crown-group
Scorpiones (Baptista et al. 2006), although additional material of Palaeoburmesebuthidae strengthens
the case for a buthid-type trichobothria distribution in that group from Burmese amber (Lourenco
2016). Unchallenged crown-group Buthida first appear in the Eocene.
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